A static or counterphase (target) grating surrounded by drifting (inducer) gratings is perceived to move in the direction opposite that of the inducers. We compared the relative magnitudes of these simultaneous motion contrasts generated by both first-order and second-order stimuli. The firstorder stimuli were sinusoidal luminance-modulations of a uniform field, and the second-order stimuli were sinusoidal contrast-modulations of a random-dot field. When the target was a static grating, the second-order stimuli induced little motion contrast, while the first-order stimuli of the same effective contrast produced clear motion contrast. When the target was a counterphase grating, both first-and second-order stimuli produced clear motion contrast. These results are discussed in relation to the involvement of second-order motion pathways in the relative-motion processing, and the two types of motion aftereffects obtained with static and dynamic test stimuli.
INTRODUCTION
In the area of motion processing, an important distinction has been made between first-order and second-order motion stimuli (Cavanagh & Mather, 1989) . First-order motion is the movement of spatial structure defined by luminance or color, i.e. first-order stimulus properties. Such motion can be detected by a quasi-linear mechanism that consists of linear filters with a spatiotemporally oriented receptive field (Watson & Ahumada, 1985) , followed by a nonlinear stage calculating local motion energy (Adelson & Bergen, 1985) . Second-order motion is the movement of structure defined by second-order properties, examples of which are differences in contrastmodulation and texture (Badcock & Derrington, 1985; Chubb & Sperling, 1988; Cavanagh & Mather, 1989) . Theoretically, second-order motion cannot be extracted by the quasi-linear mechanism. Second-order motion models typically incorporate a highly nonlinear stage (rectification or squaring) between the linear filtering and motion extraction levels (Chubb & Sperling, 1988; Wilson et ul., 1992; Zhou 81 Baker, 1993) . While it is possible that both first-order and second-order motion could be extracted by a single nonlinear motion pathway (Johnston et al., 1992; Johnston & Clifford, 1995a,b) , a number of psychophysical (Badcock & Derrington, 1985 , 1989 Derrington & Badcock, 1985; Nishida & Sato, 1992 , 1995 Ledgeway & Smith, 1994a; Edwards & Badcock, 1995) and clinical neuropsychological (Vaina et al., 1993) studies support the notion that they are extracted by separate motion pathways. While these two motion pathways appear to remain independent up to a fairly high level in the motion pathway (Edwards & Badcock, 1995) it is possible that they are pooled at some stage. For example, evidence has been presented which suggests that the first-and second-order pathways are pooled prior to the analysis of plaid stimuli (Stoner & Albright, 1992; Wilson et al., 1992) .
Given the apparent existence of separate first-and second-order motion pathways, it seems reasonable to expect that differences in the processing characteristics of first-and second-order motion signals may occur. A number of such differences have been found. Quantitative differences exist in that second-order extraction has worse spatial resolution (Dosher et al., 1989; Nishida, 1993) and requires a longer integration time (Derrington et al., 1992; Yo & Wilson, 1992; Derrington et al., 1993; Hammet et al., 1993) .
A number of qualitative differences also exist. Specifically, the visual system appears to be unable to use second-order signals to the same extent that it can use first-order signals in a number of motion tasks. For example, second-order motion does not elicit optokinetic nystagmus (Harris & Smith, 1992) . Additionally, secondorder motion is not effective in those tasks which can be considered forms of relative-motion processing.
Observers cannot use second-order motion signals in surface segmentation tasks (Cavanagh & Mather, 1989 ) to extract three-dimensional structures from motion fields (Dosher et al., 1989; Landy et al., 1991) or to generate a clear motion aftereffect (MAE) when a static test pattern is used (Derrington & Badcock, 198.5 ). All of these tasks can be linked to relative motion processing in that the first
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1 St-order 2nd-order (Dynamic carrier) two require the processing of velocity gradients (Droulez & Cornilleau-Peres, 1990; Uomori & Nishida, 1994 ) and relative-motion components are known to play an important role in static MAE generation (Day & Strelow, 1971; Anstis & Reinhardt-Rutland, 1976; Swanson & Wade, 1992) .
The analysis of relative motion has been linked to a specialized visual system that incorporates opponent or inhibitory interaction between motion signals in adjacent areas (Nakayama & Loomis, 1974; Allman et ul., 198.5; Watson & Eckert, 1994) . Given the apparent inability of this relative-motion processing system to use secondorder information, it is possible that it receives input only from the first-order motion pathway. To further test this possibility, the present paper investigates the role of the second-order pathway in the perception of simultaneous motion contrast (Over & Lovegrove, 1973; Tynan & Sekuler, 1975; Levi & Schor, 1984) . This is a type of induced motion in which a stationary pattern (target) surrounded by moving patterns (inducer) is perceived to move in the direction opposite to that of the inducer (Dunker, 1929) . This phenomenon has been frequently linked to relative-motion processing (Loomis & Nakayama, 1973; Over & Lovegrove, 1973; Walker & Powell, 1974; Tynan & Sekuler, 1975; Nawrot & Sekuler, 1990; Murakami & Shimojo, 1993) . If the relative-motion Top, first-order stimuli. Bottom, second-order stimuli. Unless otherwise noted, the second-order inducer had a dynamic carrier and the second-order target had a static carrier.
system receives no second-order input, simultaneous motion contrast should not be induced with second-order stimuli.
It has been previously shown that while adaptation to second-order motion does not induce a clear MAE in a static test stimulus, it does in a dynamic (counterphase) one (von Grtinau, 1986; McCarthy, 1993; Ledgeway, 1994; Ledgeway & Smith, 1994b; Nishida et al., 1994; Nishida & Sato, 1995) . Therefore, the present paper investigates the role of second-order motion processing with both static (Experiment 1) and dynamic (Experiment 2) target stimuli.
EXPERIMENT 1: MOTION CONTRAST WITH STATIC TARGET
This experiment establishes the degree to which second-order stimuli can induce motion in both firstand second-order static-target stimuli. For purposes of comparison, the strength of first-order induction on both first-order and second-order targets is also determined.
Methods
Stimulus. The stimulus display consisted of three rows of vertical gratings, as shown in Fig. 1 . Both the top and bottom induction gratings moved in the same direction; either to the left or the right. The center target was physically static unless the observer added a drifting component to cancel out the induced motion (see Procedure). The spatial frequency of the target and inducer gratings was 0.25 cldeg. A fixation point was presented at the center of the gap between the top inducer and the target.
The first-order gratings were sinusoidal modulations in the luminance of a uniform field, whose luminance profile at a point (x, y, t) was defined by the following equation:
where L,,,, is the mean luminance of the display (32 cd/m*), c is the modulation contrast, andfand cc) are the spatial and temporal frequencies, respectively. The starting phase of the sinusoidal modulation, 0, was randomly assigned within the range from 0 to 360 deg. The top two panels in Fig. 2 show the space-space (x-y) plot and space-time (x-t> plot of a first-order inducer, and those of a first-order target.
The second-order gratings were sinusoidal modulations in the contrast of a random-dot field: 
where c,,d, f and w are the depth, spatial frequency and temporal frequency of the contrast modulation, respectively, and ccar is the carrier contrast. R(x, y, t) is a binary (-1 or 1) random-dot array. Each dot consisted of 2 x 2 pixels.
When CL) is not equal to zero, the contrast modulation drifts in one direction. To avoid introducing first-order artifacts into such a stimulus, the mean luminance (L,,,,) should be kept constant over large changes in the modulation depth. This requirement is easily violated due to nonlinearities in the cathode ray tube (CRT) displays (Mulligan & Stone, 1989; Naiman, 1991; Naiman & Makous, 1992) and the visual system (Brown, 1995) . We therefore used an interleaved motion technique to obtain a subjective equiluminance.
See Appendix for detailed procedure.
There were two types of random-dot carrier for the second-order stimuli. The first was a static carrier which remained the same regardless of the movement of the contrast modulation. The second was a dynamic carrier in which the random-dot pattern was refreshed every 30 msec. Due to the limitation of the apparatus, a set of eight patterns (four different random-dot patterns and their contrast reversal patterns) was repetitively presented. The impression of motion generated by this procedure was similar to that produced by longer repetition cycles. In general, the static carrier was used for the target, and the dynamic carrier for the inducer. The bottom two panels in Fig. 2 show the space-space plots and space-time plots of a second-order inducer and a second-order target.
Apparatus. The stimulus was presented on a Sony
GDM1952 CRT under control of a Concurrent MC6450 workstation. For accurate control of luminance contrast, the number of intensity levels available for each pixel was increased from the standard 8 bits (256) to 13 bits (8192) by using a method similar to that proposed by Pelli and Zhang (1991) . The voltage-luminance nonlinearity of the monitor was corrected by look-up table adjustment.
The movement of the gratings was made at the refresh rate of the monitor (66.7 Hz, i.e. 15 msec/ refresh). Observers binocularly viewed the display in a dark room with their head supported on a chin rest. Viewing distance was 104 cm. At this distance, each pixel subtended 1 x 1 min.
Procedure. The magnitude of simultaneous motion contrast with static target stimuli (static motion contrast) was estimated by a cancellation method. The temporal frequency (speed) of the target sinusoidal modulation [co in Eqs (1 and 2)] was changed until it was perceived to be static. The drifting component required to null the induced motion was used to quantify the magnitude of induced motion.
An experimental session started after 3 min of light adaptation.
In each trial the stimulus was presented for 1 set in a temporal window that was ramped on and off. The observer's task was to judge the direction of the target grating by the two-alternative forced-choice (2AFC) method. The observer could repeat the stimulus sequence. A double random staircase method was used in which two staircase sequences, each starting from either a positive or negative temporal frequency, were intermingled randomly.
The inducer direction was changed randomly between trials. For each staircase, the cancellation point was estimated as the mean of the last four of eight reversals. The initial temporal-frequency stepsize was 0.08 Hz, but this was reduced after the first and Inducer temporal frequency (Hz) second reversals, so that the stepsize used for the last four reversals was 0.02 Hz (4.8 min/sec). Unless otherwise stated, each cancellation point reported represents the mean of eight staircases. The contrast of the first-order gratings was 5% or those effectively equivalent to the second-order gratings.
For second-order stimuli, the carrier contrast was nominally 85% (see Appendix), and the modulation contrast was 50 or 100%.
Observers
Three experienced psychophysical observers were used: authors SN and ME and a male student (JY). All had normal (ME) or corrected to normal (SN, JY) acuity and no history of any visual disorders. Figure 3 shows the strength of motion induction as a function of the temporal frequency of the inducer grating for the conditions where both the inducer and test gratings were the same type; first order or second order. The contrast of the first-order gratings was 5%, and the modulation contrast of the second-order gratings was 100%. Induction strength is quantified in terms of the target temporal frequency that was required to null its perceived motion. A positive temporal frequency indicates that the induced motion of the test was in the opposite direction to that of the inducer (motion contrast) and a negative temporal frequency indicates induced motion in the same direction as that of the inducer (motion assimilation).
RESULTS

Static motion contrast between same type stimuli
Error bars indicate + 1 standard error of the mean (SEM).
The basic pattern of the results is the same for all observers. Significant motion contrast was obtained for the first-order stimuli for all except the lowest temporal frequencies, * while the second-order stimuli failed to *Although Fig. 3 shows the strongest motion contrast at inducer temporal frequencies above 1 Hz, Levi and Schor (1984) reported that peak induction was obtained at temporal frequencies below 1 Hz. While this discrepancy may be partially due to differences in stimulus parameters (spatial frequency and stimulus contrast), it is mainly due to the difference in the index of induction magnitude. Levi and Schor used the cancellation speed divided by the inducer speed (induction ratio). In comparison with the absolute cancellation magnitude that was used in the present study. the induction ratio overestimates the induction magnitude for slow speed inducers. and underestimates for high speed inducers.
FIGURE 3. The strength of motion induction with static target as a function of the temporal frequency of the inducer grating for the conditions where both the inducer and test gratings were first order (0) or second order (0). Induction strength is quantified in terms of the target temporal frequency that was required to null the perceived motion. A positive temporal frequency indicates motion contrast was perceived, while a negative temporal frequency indicates motion assimilation.
Error bars: f 1 SEM. The contrast of the first-order gratings was S%, and the modulation contrast of the second-order gratings was 100%. All the observers showed strong motion contrast for the first-order stimuli, but no induced motion for the second-order stimuli. The ratio of these two contrast values (right column) gives the contrast of the first-order grating that is effectively equivalent to the fully modulated second-order grating. Direction-discrimination thresholds were measured for the inducers and dynamic (2 Hz) targets. For the dynamic targets, drifting gratings were used instead of counterphase gratings. Detection thresholds were measured for the static (0 Hz) targets.
elicit any induced motion for all of the temporal was much higher (20%). This is because the threshold frequencies tested. These results indicate that secondcontrasts for first-order stimuli were lower for drifting order stimuli do not induce motion contrast under gratings than static gratings, while the opposite was the conditions for which first-order stimuli do.
case for second-order stimuli.
Equating the effective contrasts for the first-and secondorder stimuli
It has been previously shown that the strength of motion contrast with first-order stimuli depends upon the luminance contrast of the stimuli (Raymond & Darcangelo, 1990) . In comparing the relative ability of firstorder and second-order stimuli to induce motion contrast, it is therefore necessary to equate their effective contrasts.
This was achieved by making them equal multiples of their contrast thresholds (Cropper & Derrington, 1994; Smith et al., 1994) . Direction-discrimination thresholds for the drifting inducers were measured by a single staircase method (final step size 1.6 dB). For static target gratings, detection thresholds were estimated by a two-interval forced-choice method. Table 1 summarizes threshold contrasts and first-order/ second-order ratios.
The pattern of the results in Fig. 4 is consistent with that obtained in Fig. 3 . Second-order stimuli result in little or no motion contrast, while first-order stimuli result in strong motion contrast. Thus the observed difference between first-and second-order stimuli in their ability to induce motion contrast in a static target cannot be ascribed to differences in the effective contrast of the two types of stimuli. Figure 4 shows the magnitude of motion induction for first-order and second-order stimuli plotted as a function of relative inducer contrast (symbols connected by solid lines). Each observer was tested at a single inducer temporal frequency, corresponding to the temporal frequency for which they showed strong motion contrast in Fig. 3 ; 4 Hz for SN, and 2 Hz for both ME and JY. At the relative contrast value of 1 .O, the modulation contrast of second-order stimuli was lOO%, and the effective contrast of first-order stimuli was equivalent to that value. For example, the threshold contrasts for SN were 0.3% and 17.5% for first-and second-order inducer, respectively. The contrast of the first-order inducer which was equivalent to the 100% second-order inducer was given by the ratio of these two. This value (1.9%) is smaller than that used in the experiment shown in Fig. 3 (5%) . For target, the equivalent contrast of first-order grating
Static motion contrast across different type stimuli
The remaining two sets of data in Fig. 4 (symbols connected by dashed lines) show the results of cross induction conditions; second-order inducer and firstorder target, and first-order inducer and second-order target. In both cases, little or no induced motion was observed. These results indicate that second-order stimuli cannot produce static motion contrast as inducer paired with a first-order target, as target paired with a first-order inducer, or when they are both inducer and target.
Since the second-order target had a first-order structure (random dots) along with a second-order structure (SinusoidalLcontrast modulations), any motion contrast generated by the first-order inducer to the second-order target could have been attributed to the first-order induction system. Our failure to find motion contrast under this condition therefore suggests that the first-order inducer (drifting sinusoid) cannot produce motion contrast either in the target's static second-order structure, nor its static first-order structure.
Effects of random dots
Differences between first-order and second-order stimuli exist, not only in the manner in which the moving structure is defined. Our second-order stimuli also had a (random-dot)
carrier that was not present in the first-order We compared four conditions in which random dots were added to: inducer only; test only; both inducer and target; and a control condition in which no dots were added. As in the second-order stimulus condition, dynamic random dots were added to the inducer and static random dots were added to the target. The contrast of random dots was not modulated spatiotemporally, being kept at 42.5% (the mean contrast modulation of second-order stimuli). The effective contrast of firstorder grating with or without random dots was equated with fully modulated second-order stimuli, based on the threshold contrast for each stimulus.
The results of these four conditions are shown in Fig. 5 . The addition of the static random dots to the first-order target significantly reduced the magnitude of the motion contrast*. However, since dynamic random dots added to the first-order inducer had no effect, the failure of the second-order stimuli to elicit the perception of induced motion cannot be explained solely by the presence of the random dots in the second-order stimuli.
Effects of carrier temporal structure
In the above experiment, we used dynamic carriers for the second-order inducers and static carriers for the second-order targets. During preliminary experiments, we also used static carrier inducers and dynamic carrier targets, but doing so resulted in a number of problems.
*An informal observation indicated that the low-frequency first-order inducer could not induce motion contrast in a static unmodulated random-dot field. This observation is consistent with the findings that the addition of a static random-dot field to the first-order target greatly reduced the magnitude of motion contrast (Fig. 5) , and that the first-order inducer could not produce motion contrast in the random-dot carrier of the second-order target (Fig. 4) . It has been shown that only a weak static motion contrast is obtained when the inducer and target are not matched for spatial frequency (Levi & Schor, 1984) . Such spatial-frequency selectivity may result in the inability of the low-frequency grating to induce motion contrast in the static random-dot field since the random-dot pattern contains a substantial number of components whose spatial frequencies are significantly higher than that of the inducer grating. As was the case with the dynamic-carrier inducers, static-carrier inducers did not produce clear motion contrast, however, for some observers, target direction judgment became more difficult, resulting in greater variability in the data. In addition, the estimation of the direction discrimination threshold was sometimes difficult with a static carrier inducer. The main reason for these difficulties was that the static carrier was occasionally perceived to be moving slowly in the direction opposite to that of the contrast modulation [see also. Johnston & Clifford (1995b) ]." Interestingly, this illusory motion was not perceived with the dynamic carrier, which was perceived to be captured by the movement of contrast modulation.
We therefore used the dynamiccarrier inducers in the main experiments.
When we used dynamic carriers for the second-order targets with static contrast modulations, second-order inducers did not generate induced motion for two of three observers as found with static carrier targets. However, one observer (ME) showed strong motion contrast. He reported that the dynamic random dots in the target moved rapidly in the direction opposite to that of the inducers. This percept may be related to the second-type motion contrast with dynamic target stimuli (dynamic motion contrast) addressed in the next experiment. (Anstis, 1980; Derrington & Badcock, 1985; Nishida & Sato, 1992) . However, a strong MAE can be observed when a "dynamic" test stimulus is used; examples of which are counterphase gratings and dynamic random dot patterns (von Grunau, 1986; McCarthy, 1993; Ledgeway, 1994; Ledgeway & Smith, 1994b; Nishida et al., 1994; Nishida & Sato, 1995) . *Johnston and Clifford (1995b) regarded the reversed carrier movement as induced motion. According to this view, this phenomenon suggests that second-order stimuli can induce motion contrast in static target when the target is at the same time the carrier of that second-order motion. However, we have, as yet, not made a comprehensive investigation of this possibility.
Methods
Stimuli. Target stimuli were counterphase gratings. The luminance profiles of first-and second-order targets (with no directional bias) were: L, (x. y. I) = L.,,;,,,{ 1 + L' cos(27@ + 0) sin(27rdf)). Figure 6 shows the space-space (x-y) and space-time (x-t) plots of the first-and second-order targets. A counterphase grating can be decomposed into two sinusoidal gratings drifting in the opposite direction at the same speed. That is, for the first-order target, L, (x. y. t) = LnlCBn 1 + isin{27@ + dt) I + H} -i sin{ 27rcfx -djt) + H}
. (5)
To null any induced motion, the directional bias of the target was controlled by changing the contrast ratio of these two components, while keeping the total contrast constant. As in the previous experiment, cancellation points were established using a 2AFC direction judgment and double random staircases.
The stepsize for the change in log-contrast ratio was initially 0.08, and reduced to 0.02 for the last four reversals.
The perceived direction of motion of directionally ambiguous stimuli can become "locked" in one direction. That is, there is a tendency to perceive motion in the same direction as that in the previous trial. To counter this effect, a dummy target physically drifting in the opposite direction was presented after four successive responses to the same direction (Shechter et uf., 1988) .
We used a temporal modulation of 2 Hz for the target stimuli since a test pattern flickering at 2 Hz results in strong dynamic MAEs (Nishida & Sam, 1995) . The contrast of the first-order gratings was 5% or those effectively equivalent to the second-order gratings. For the second-order stimuli, the carrier contrast was 850/c, and the modulation contrast was 50 or 100%. The inducer carrier was dynamic, and that for target was static.
Results
The magnitude of induced motion was quantified by calculating the logarithm of the ratio of the contrast of FIGURE 6. The space-space (x-y) plot and space-time (u-r) plot of target used in Experiment 2. Top, a k&order stimulus; bottom, a second-order stimulus.
FIGURE 5. The effects of random dots (RD) added to first-order (FO) gratings on the strength of motion induction with static target stimuli. Static random dots were superimposed onto the target gratings, and dynamic dots onto the inducer gratings. The contrasts of the stimuli were effectively equivalent to 100% modulated second-order gratings. Error bars: k I SEM. While the addition of the random dots to the first-order target significantly reduced the magnitude of the motion contrast, random dots added to the first-order inducer had no effect. Therefore, the failure of the second-order stimuli to elicit the perception of induced motion cannot be explained solely by the presence of the random dots in the second-order stimuli.
Target (cow terphase)
Space (x) w 2nd-order
207
(Static carrier)
. , components that drifted in the inducer direction and in the opposite direction. A positive value indicates induced motion in the opposite direction to the inducer (motion contrast) and a negative value indicates motion assimilation. The magnitude of the induced motion of the dynamic target as a function of the temporal frequency of inducer grating is shown is Fig. 7 for both first-order and second-order stimuli. A different pattern of results was obtained for each observer. For the first-order stimuli, while all observers experienced motion contrast at high-temporal frequencies and no induced motion at the lowest frequency, they produced different results at the intermediate frequencies.
Both SN and JY showed varying degrees of motion assimilation,"
while ME continued to show motion contrast. For the second-order stimuli, both SN and ME showed optimum and significant motion contrast at 4 -8 Hz. It should be noted that at the highest frequency, 16 Hz, it was difficult to perceive the motion of the inducer. At low frequencies, ME showed no induced motion, while SN showed weak motion assimilation. JY exhibited no significant induced motion over the entire frequency range. Thus, the results of all the observers show the induction of motion contrast for first-order stimuli, at least at high inducer temporal frequencies, and the results of two of three observers also show the induction of motion contrast for second-order stimuli at inducer temporal frequencies in the order of 4-8 Hz. As in Experiment 1, to compare the relative magnitudes of motion induced by the first-and second-order stimuli, we matched the effective contrasts of the two stimuli in terms of equal multiples of their detection thresholds (see Table 1 ). Figure 8 shows the magnitude of motion induction as a function of the relative inducer contrast for first-order stimuli, second-order stimuli, second-order inducer and first-order target, and first-*This motion assimilation may be related to the similar phenomenon reported by Ohtani et al. (1995) . In their two-frame display, the target (first-order) grating was shifted by one half of its cycle between the first and second frames, while the inducer (first-order) gratings, presented above and below the target, were shifted by a quarter of its cycle. Even though the target direction was physically ambiguous, it was consistently perceived to move in the inducer direction.
The present results (Fig. 7) suggest that motion assimilation occurs even with continuously moving stimuli with the combination of the slowly drifting inducer and counterphase target. In addition, motion assimilation is generated either by firstorder stimuli or by second-order stimuli.
FIGURE 7. The strength of motion induction with counterphase target as a function of the temporal frequency of the inducer grating for the conditions where both the inducer and test gratings were first order (0) or second order (0). Induction strength is quantified in terms of the logarithm of the ratio of the two drifting components that made the target perceptually directionally ambiguous. A positive ratio value indicates motion contrast, while a negative ratio value indicates motion assimilation.
Error bars: i 1 SEM. The contrast of first-order gratings was 5%, and the modulation contrast of second-order gratings was 100%. The data for JY, second-order stimuli were the mean of 16 staircases.
The two observers (SN and ME) showed strong motion contrast either for first-order stimuli or for second-order stimuli when the inducer temporal frequency was high. Relative inducer contrast order inducer and second-order target. The temporal frequency of the inducer was 8 Hz, for which we obtained clear second-order induction for two observers. The temporal frequency of the target was maintained at 2 Hz. As in Fig. 4 , at the relative contrast value of 1.0, the modulation contrast of second-order stimulus was lOO%, and the effective contrasts of first-order stimuli were equivalent to that value (i.e. the same multiples of threshold contrasts). The effective contrasts of counterphase targets were based upon the direction-discrimination thresholds for 2 Hz drifting gratings, rather than the detection thresholds for the counterphase targets. For detailed values of contrast setting, see Table 1 .
Observers SN and ME showed clear motion contrast for all combinations of inducer and target stimuli when the relative inducer contrast was 1.0 and/or 2.0. Similar tendencies were found for JY, except that motion contrast was not observed for the combination of second-order inducer and first-order target. Failure to find motion contrast in this condition may be just due to JY's low sensitivity to second-order inducer. The relative inducer contrast of 1.0 (modulation contrast of 100%) was only about twice the threshold contrast for JY, while it was about four times the threshold for SN and ME. That twice the threshold contrast is too low to induce clear motion contrast is suggested by the following findings: two firstorder-inducer conditions of JY showed only weak motion contrast up to the relative inducer contrast of 1 .O; most of the conditions of SN and ME showed little motion contrast at the relative inducer contrast of 0.5. It is not clear, however, why JY exhibited significant motion contrast for the combination of second-order inducer and target in this experiment and not in the previous one (Fig.  5) . For all the observers, the magnitude of motion contrast differed for the various conditions, however, there is no consistency between observers. In summary, the results indicate that second-order stimuli can produce dynamic motion contrast as inducer and/or target.
We also examined the effects of random dots superimposed on first-order stimuli.
The results (Fig. 9 ) showed that the addition of static random dots to the first-order target had no effect on the magnitude of dynamic motion contrast, unlike what we found with static motion contrast (Fig. 5) . The limited effect of the random dots may partially contribute to clear induction of dynamic motion contrast with second-order target. The addition of dynamic random dots to the first-order inducer had no effect (SN) or a suppressive effect (ME) on the magnitude of dynamic motion contrast.
GENERAL DISCUSSION
Motion contrast with static target
The results of Experiment 1 indicate that second-order 5 . The addition of static random dots to the first-order target had no effect on the magnitude of dynamic motion contrast, and the addition of dynamic random dots to the first-order inducer had no effect (SN) or a suppressive effect (ME).
stimuli are not effective in generating simultaneous & Sekuler, 1975; Nawrot & Sekuler, 1990 ; Murakami & motion contrast when the target is a static grating. This is Shimojo, 1993) . The results of Experiment 1 therefore true when both inducer and target are second order, or support the hypothesis that the second-order motion when one is second order and the other is first order.
pathway may not provide effective input to the relativeSimultaneous motion contrast has been frequently motion system. This hypothesis also gives a simple linked to relative-motion processing across space (Looaccount for why second-order stimuli are not effective in mis & Nakayama,
1973; Walker & Powell, 1974; Tynan those tasks that supposedly require relative-motion processing, such as surface segregation and structurefrom-motion (Droulez & Cornilleau-Peres, 1990; Uomori & Nishida, 1994) .
Motion contrast with dynamic target
In contrast with the results of Experiment 1, the results of Experiment 2 indicate that second-order stimuli can be effective in generating motion contrast when dynamic (counterphasing) test stimuli are used. One could attempt to view the difference between the dynamic and static target conditions in terms of a quantitative difference. That is, the induction signals too weak to influence the stable perception for the static target might be able to affect the direction of perceptually unstable counterphase target. However, this simple idea fails to account for why a clear difference between firstand second-order stimuli was obtained for static targets, but not for dynamic ones, even when the effective contrast was equated between the two types of stimuli. The present results show a clear qualitative difference between static and counterphase targets in motion contrast generation.
The distinction between static and dynamic target stimuli may not be clear for second-order stimuli in which the first-and second-order spatial structures (carrier and contrast modulation) can have different temporal structures. The present findings that were mainly obtained with static carrier targets indicate that the difference in the temporal structure of contrast modulation is sufficient to produce different results. In addition, though for only one observer, second-order motion could induce motion contrast in the target with dynamic carrier and static contrast modulation.
Given motion contrast with dynamic targets is also mediated by the relative-motion mechanisms, the results of Experiment 2 are inconsistent with the concept of the no second-order input to the relative-motion system. A possible interpretation compatible with the whole set of present data is that the second-order motion pathway does not provides effective input to the relative-motion system in general, but it does to a subsystem that is activated only by dynamic stimuli. Dynamic motion contrast, however, may not be subserved by the mechanisms for relative motion processing across space. When a counterphase sinusoidal grating (target) is superimposed onto, rather than flanked by, a drifting grating of different spatial frequencies (inducer), it is perceived to move in the opposite direction when both temporal frequency and luminance contrast of the inducer are high (Nishida et al., 1995; Yanagi et al., 1995) . This motion contrast in the superimposed gratings can be ascribed to inhibitory interactions between motion detectors located at the same or proximal retinal position(s).
Such a mechanism may also generate the dynamic motion contrast observed in the present study. The elucidation of the relationships between these phenomena is a line of ongoing research.
Motion contrasts and motion aftereffects
The present results obtained for static motion contrast are similar to those obtained for static MAE in that second-order stimuli can generate neither of them. There are also a number of other similarities in the perception of static motion contrast and static MAE. The perceived strengths of both are strongest when the inducer (adapter) and target (test) are matched for spatial frequency (Levi & Schor, 1984; Cameron et al., 1992) and for color (Favreau et al., 1972; Lovegrove et al., 1972; Mayhew & Anstis, 1972; Over & Lovegrove, 1973) . Additionally, the magnitude of both static motion induction and MAEs are reduced under dichoptic presentation conditions, though the reduction in strength is more pronounced for motion contrast (Wohlgemuth, 1911; Over & Lovegrove, 1973; Walker & Powell, 1974; Moulden, 1980) .
A number of findings support the notion that the relative-motion system is involved in the perception of static MAEs. Specifically, the perceived strength of static MAEs is enhanced by the addition of a surrounding stationary test pattern (Day & Strelow, 1971) and when a stationary center pattern is surrounded by moving pattern, a static MAE can be produced in the center region (Anstis & Reinhardt-Rutland, 1976; Swanson & Wade, 1992) . The latter phenomenon cannot be ascribed solely to simultaneous motion contrast induced by illusory motion in the surround generated by MAE (Anstis & ReinhardtRutland, 1976) . It is thus likely that static MAEs are, at least in part, due to adaptation of relative-motion mechanisms.
Therefore, a parsimonious explanation of the similarities between static motion contrast and MAEs is that they are mediated by the same relative-motion mechanisms that receive input solely from the first-order pathway.
Presumably, these mechanisms are spatialfrequency selective, color selective and partially monocular.
Similar to the distinction between static and dynamic motion contrasts, adaptation to second-order motion produces strong MAEs only with dynamic test stimuli [e.g. McCarthy (1993) ]. While it is possible that both dynamic motion contrast and MAEs are mediated by the same system, the relationship between these two phenomena is still vague. A clear difference noticed in the present results is that while dynamic MAEs are generated by a wide range of adaptation speed with the MAE duration peaking at around 8 deglsec (Ashida & Osaka, 1995) dynamic motion contrast was induced primarily by high-speed inducers (16 -64 deg/sec; 4-16 Hz for 0.25 c/deg grating).
However, motion contrast generated by low-speed inducer might be just masked by motion assimilation that is induced by the same stimulus.
Besides the differential effects of one type of secondorder motion (movement of contrast modulation), dynamic MAEs have several properties that are qualitatively different from those of static MAEs. For example: adaptation to movements of other higher-order structures, including temporal-modulation, various textures, and stereoscopic-depth differences, and adaptation to motion produced by attentive tracking (Cavanagh, 1992) generates little static MAE, but clear dynamic MAE (Culham & Cavanagh, 1994; Lankheet and Verstraten, 1995; Nishida & Sato, 1995) ; static MAEs are spatial-frequency selective (Cameron et al., 1992) while dynamic MAEs are not (Ashida & Osaka, 1994) ; the magnitude of static MAEs depends upon the temporal frequency of the adaptation stimulus (Pantle, 1974) while that of dynamic MAEs depends more upon the adaptation speed (Ashida & Osaka, 1995) ; the interocular transfer of static MAE is only partial (Wohlgemuth, 1911; Moulden, 1980) while dynamic MAEs transfer completely (Raymond, 1993; Nishida et al., 1994) . To fully determine the extent of the links in the processing of dynamic MAEs and motion contrast, additional studies are required to see whether dynamic motion contrast has characteristics similar to dynamic MAEs, with regard to the points listed above.
APPENDIX
Equiluminance setting
The second-order stimulus used in the present study was a sinusoidal contrast modulation of a random-dot carrier. For this stimulus to be a pure second-order stimulus, the mean luminance at every height of modulation should be the same. To find the subjective-equiluminance point, we used an interleaved motion technique similar to that used by Anstis and Cavanagh (1983) in setting the equiluminance point for a chromatic grating, and to that recently reported by Brown (1995) and Papathomas et al. (1996) in setting the equiluminance point for contrast modulated patterns. Our technique consisted of interleaving two frames containing a first-order grating with two frames containing a second-order grating, and introducing a spatial-phase shift of 90 deg between successive frames. This manipulation results in a 180 deg phase shift between gratings of the same type, thus unambiguous motion will only be seen if there is a first-order luminance artifact in the second-order grating (Ledgeway & Smith, 1994a) . Methods. Each stimulus sequence consisted of four frames. The luminance modulated patterns in the odd number frames were a vertical grating of 1.0 c/deg and 5% contrast. A sinusoidal modulation was used to reduce possible contribution of sharp luminance edges. The contrast-modulated patterns in the even number frames were a binary random-dot field modulated by a 1.0 c/deg square-wave, in which uniform gray stripes (32 cd/m') and random-dot stripes alternatively appeared. Two grating patterns, each subtending 2.0 deg (v) x 8.0 deg (H), were presented, one above and one below a fixation point, with a gap of 2.0 deg. The inter-frame phase shift was reversed between the two patterns. The background was a uniform gray field of 32 cd/m'. Each frame was presented for 30 msec with no ISI. Thus, one stimulus sequence lasted for 120 msec.
We specified the intensities of bright and dark dots of the contrast- 
